A new method to prepare nanocrystalline alloys was developed by means of crystallization from amorphous alloys. By using this method, a Ni-P alloy with 9 nm crystallites was synthesized. The structures and grain sizes of the alloy were examined by means of x-ray diffraction, transmission electron microscopy, and high resolution electron microscopy. Specific heat capacity and thermal expansion coefficient of the nanocrystalhne Ni-P alloy prepared by this method were found to be greater than those of the coarse-grained crystalline alloy by 12.3% and 56.2%, respectively. A new micromechanism for nanometer-sized crystallites formation is discussed.
New types of atomic arrangements and/or new chemical compositions are sources of new materials generation. Concerning the atomic arrangement, there are two kinds of solid-state materials: crystals with both long-and shortrange orders, and glasses with short-range order only. Recently, a new class of material has been synthesized by Gleiter and co-workers. '*' These materials are characterized structurally by ultrafine grain sizes in the range of l-50 nm. Such a new class of material has attracted much attention due to its special microstructure and properties.3'4 Indeed, many properties of nanocrystalline materials are reported to be remarkably different from those of normal coarse-grained polycrystalline materials and glasses.
Although the work of Gleiter and co-workers demonstrated the success in synthesizing nanocrystalline materials, there is one important constraint that bulk specimens are required for many properties tests, and therefore larger amounts of material must become available. A major challenge in exploring the scientific and technological possibilities of nanocrystalline materials is in finding ways to increase the yield of ultrafine powders in currently used synthetic methods, or to invent new ones. In this communication, we report a new method to prepare nanocrystalline alloys with a process of crystallization from amorphous alloys.
The basic idea of the method presented in this communication is that, on annealing an amorphous alloy, crystallization will occur, which involves the formation of precursory ordered clusters and the nucleation and growth of crystallites. The annealing process may be dynamically controlled to form a polycrystalline alloy with nanometer-sized grains. Briefly, this method of nanocrystalline alloy making involves the formation of an amorphous alloy in the form of ribbon, string, or particles, as the raw material, from its liquid state by various rapidly quenching techniques, and a subsequent heat treatment of the amorphous alloy, resulting in the formation of nanometer-sized crystallites. Bulk nanocrystalline alloy specimens can be directly made by cold compaction of the amorphous ribbons after crystallization, or by cold compaction of ultrafine alloy powders pulverized from the crystallized amorphous alloys.
Several systems of nanometer-sized crystalline materials (Fe-based, Ni-based, and Pd-based) have been prepared by use of this method. In this study, a Ni,,P,O (at. %) matrix alloy was prepared by melting pure nickel (99.99%) and phosphorus (99.99%) in an argon atmosphere. A single roller rapidly quenching equipment was used to spin the alloy melt to form an amorphous ribbon. The amorphism of the ribbon was proved by x-ray and electron diffractions. The heat treatment procedure is: rapidly heating (300 K/min) the amorphous sample to 325 "C, annealing isothermally for 10 min and cooling to room temperature. A differential scanning calorimeter (DSC-II, Perkin-Elmer) was used to follow the process. It was found that annealing temperature and time were two crucial factors in making of nanometer-sized crystallites.
Grain sizes were determined in the nanocrystalline sample by x-ray diffraction, transmission electron microscopy (TEM), and high resolution electron microscopy (HREM, JEOL-200CX with 200 kV accelerating voltage). Figure 1 shows an x-ray diffraction pattern of the as-crystallized NGP alloy with CuKa radiation. As indicated in the pattern, two crystalline phases are observed: a Ni austenite with a facecentered cubic (fee) structure and a Ni, P compound with a body-centered tetragonal (bet) structure. No evidence for oxide formation was found in the x-ray diffraction spectrum. It is clear from Fig. 1 that the x-ray diffraction peaks were broadened due to the fine crystalline grains in the sample. Xray diffractometer measurements of the half-maximum widths lead to dimensions of 7 k 1 nm from the 341 (Ni, P) line and about 15 nm from the 202 (Ni, P) line. The result of Ni austenite from 200 line is 9 nm. These results show the mean crystalline shape to be anisotropic. TEM and HREM observation of grain and grain boundary structures were also carried out on selected nanocrystalline samples of the as-crystallized Ni-P alloy. Figure 2 shows a HREM image along [ 0011 Ni, P axis. The lattice image of the Ni, P phase can be clearly identified whereas the one of Ni cannot, because the point resolution of the microscope (0.25 nm) is less than the spacing of strong diffraction planes of Ni (0.203 nm) . From the HREM image it can be seen that the Ni, P phase is in the form of anisotropic-shaped blocks separated by Ni austenite and/or Ni-rich regions which are parallel or perpendicular to the crystal growth direction. Orientations of neighboring Ni, P blocks differ slightly from each other. Morphologies of these two crystalline phases have been described in detail in our previous work.5 The TEM and HREM observations show that the average size of Ni, P phase is about 12.8 nm, and that of the Ni phase or Ni-rich region is about 6.4 nm (3.0 nm wide and 10.5 nm long), the crystallite size average over Ni and Ni, P is 9 nm. The results are approximately in agreement with the x-ray measurements.
Apparently, different preparation techniques lead to different atomic structures. As reported by Gleiter and coworkers, inert gas condensation produces randomly oriented powder particles that are then forced together in the cold compaction process preventing major reorientation of particles and thus establishing the disordered structure with high energy boundaries. While the present technique produces relaxed boundaries with epitaxial relationships with lower energies as can be seen in the HREM image (see, Fig. 2 with all Ni, P particles almost having the same orientation).
Some physical properties of the nanometer-sized crystalline Ni-P alloy were measured. Measurements of specific heat capacities, C,, of the amorphous, the as-casted matrix crystalline with large grain sizes, and the as-crystallized 9 nm Ni-P alloys were carried out from 310 to 400 K in a differential scanning calorimetry (DSC-II, Perkin-Elmer). The results are listed in Table I . The values of Cp of the amorphous and the as-crystallized Ni-P alloys are greater than that of the normal crystalline alloy by 7.7% and 12.3%, respectively. The enhancement of C, of the as-crystallized Ni-P alloy which is much greater than that of the amorphous, is close to the value of 8-nm crystalline Cu (9%-1 l%, 150-300 K) reported by Rupp and Birringer.4 Thermal expansion of the Ni-P alloys were measured in a thermomechanical analysis system (TMS-2, PerkinElmer). Thermal expansion coefficient (300-400 K) of the as-crystallized 9 nm NGP alloy is much greater than those of the normal crystalline and the amorphous alloys (see Table  I ). The enhanced value of 56.2% in the thermal expansion coefficient of the as-crystallized Ni-P alloy is close to the results ( 80% for nanocrystalline Cu) of Gleiter et al.,' while the value is only 3.6% in the case of the amorphous alloy. As the grain boundaries having much larger thermal expansion coefficient (2.5-5 times) than the crystal,h more grain (or phase) boundaries would increase the thermal expansion. The enhancement of the thermal expansion coefficient can thus be interpreted by the ultrafine structures in the as-crystallized Ni-P alloy.
The experimental results show that the Ni-P alloy with 9 nm crystallites has been synthesized by a new method involving crystallization from amorphous alloy. Nevertheless, formation of nanometer-sized crystallites in the amorphous alloys during the crystallization process is difficult to be understood in the classical atomic diffusion crystallization mechanism. According to the atomic diffusion mechanism of a crystallization process, crystals nucleate and grow with the diffusion of atoms from the amorphous state to crystallization front, redistributing the solute to the fronts of crystalline phases. Therefore, the crystallization product tends to form a lamellae structure consisting of two competitively growing, continuous phases.
Recently, a new model of crystallization micromechanism was developed which can give an explanation to the nanometer-sized crystallites formation."* In this theory, it is supposed that crystallization consists of two processes: (i) formation and growth of the precursor ordered clusters in TABLE I. Properties (specific heat C, and thermal expansion coefficient a) comparison of normal crystalline, amorphous, and nanocrystalline (9 nm) Ni-P alloys. C; and a' are the specific heat capacity and thermal expansion coefficient ofcrystalline Ni-P alloy with coarse grains, respectively. C, (J/K g) AC&; a(10-6/K) ha/a' amorphous matrix, and (ii) the nucleation and growth of crystals, which involve atoms jumping and ordered clusters shearing deposition. This implies that transformation of amorphous phase to crystalline phases involves not only single atoms jumping (as classical mechanism) but also clusters shearing deposition. Figure 3 schematically shows the two processes during crystal growth. According to the new mechanism, when a crystal grows in a totally disordered region, atoms in the disordered state jump to the crystal front; when the crystal front touches a precursor ordered cluster, the cluster prefers to shear (change its orientation to match the growing crystal) and deposit onto the crystal front. On annealing the glassy Ni-P sample, two kinds of coordination clusters of Ni-Ni and Ni-P types are formed randomly in the amorphous matrix. During a crystal growing, the crystal front is composed of two separated crystalline phases: bet N&P and fee Ni austenite. Structurally, Ni-P coordination clusters have the same structural unit as the Ni, P phase and Ni-Ni clusters as Ni austenite.' If the crystal front of the Ni phase touches a Ni-Ni cluster, the cluster will be sheared and deposited onto the crystal front which passes the cluster and continues growing; if it touches a Ni-P cluster, the Ni front stops growing and a new crystal of N&P phase begins. For a Ni, P crystal front, deposition of a Ni-P cluster will cause the crystal front to continue to grow, and a Ni-Ni cluster stops it. The combination of the atomic jump process and the shearing deposition process of Ni-Ni and Ni-P clusters results in the discontinuous growth of the crystallization products of Ni and Ni, P phases.
In conclusion, nanometer-sized crystalline alloys can be prepared with a crystallization process from amorphous alloys, and this preparation method has the following characteristics:
(a) If only an alloy can be made into a glassy state, the production of a great quantity of nanocrystalline materials of the alloy will be available.
(b) The nanocrystalline alloys formed during the crystallization process exhibit more interfaces and/or phase boundaries than the coarse-grained crystalline alloys. The orientations of neighboring crystallites are approximately the same.
(c) This method makes it possible to synthesize nanocrystalline metallic compounds and intermetallics.
